Brain microvascular endothelium forms an active permeability barrier, the blood-brain barrier (BBB). In neurologic disorders, barrier properties of the BBB are often lost indicating their dependance on molecular cues of the brain microenvironment. In this issue, Osada et al demonstrate that the endothelial extracellular matrix (ECM) provides one of these cues. Their study shows that b1-integrin-mediated adhesion of brain endothelial cells to the surrounding ECM is critical for stabilizing claudin-5 in BBB tight junctions (TJs) and BBB integrity. These observations point to a novel intracellular signaling pathway from b1-integrin/ECM endothelial adhesions to BBB TJs contributing to BBB integrity.
Homeostasis of the brain microenvironment is a prerequisite for proper neuronal function and is maintained by the blood-brain barrier (BBB). The BBB is established at the level of brain microvascular endothelial cells that due to lack of fenestrae and an extremely low pinocytotic activity inhibit the transcellular passage of molecules across the brain endothelium. In addition, an elaborate network of continuous and complex tight junction (TJ) strands between the individual endothelial cells restricts the paracellular diffusion of water soluble molecules across the BBB-TJ gate function-and importantly also separates the luminal from the abluminal membrane domains of brain endothelial cells establishing cell polarity-TJ fence function (Wolburg et al, 2003) .
The BBB TJ strands are composed of integral membrane proteins such as occludin and the claudins, which are linked to the actin cytoskeleton by TJ-associated cytoplasmic peripheral membrane scaffolding proteins of the MAGUK (membraneassociated guanylyl kinase-like) family, such as zonula occludens (ZO)-1, ZO-2, and ZO-3. Claudins display a nonrandom tissue-specific expression pattern and by establishing homophilic and heterophilic interactions via their extracellular loops determine the permeability properties of individual TJs. At the BBB, the expression of claudin-3, claudin-5, and claudin-12 has been described. Whereas the function of claudin-12 and claudin-3 remains to be investigated, the endothelial cell specific claudin-5 displays nonredundant functions at the BBB by controlling the paracellular permeability of BBB TJs for small molecules up to 800 Da (Nitta et al, 2003; Zhang et al, 2010) . Interestingly, claudin-3 expression is regulated by Wnt/b-catenin signaling (Liebner et al, 2008) , demonstrating that the AJ (adherens junction) component b-catenin is critically involved in the regulation of TJs. In endothelial AJs, the transmembrane protein VE-cadherin is linked to the actin cytoskeleton via b-catenin and plakoglobin binding to a-actinin and vinculin. The crosstalk between AJ and TJs is further supported by the observation that adhesive interactions of VE-cadherin promote claudin-5 transcription by preventing the nuclear accumulation of the transcriptional regulators, FoxO1 and b-catenin (Liebner et al, 2008) .
The characteristics of the mature BBB endothelium are well described; however, the cellular and molecular mechanisms that control the maintenance of BBB characteristics in brain endothelial cells remain largely unknown to date. Pathological conditions within the central nervous system, such as ischemia, inflammation, or tumor growth, are typically accompanied by BBB dysfunction, emphasizing that the barrier properties are not simply 'switched on' in brain endothelium during development, but rather that continuous signals are provided by the tissue microenvironment maintaining BBB features in brain endothelium. In this context, specifically pericytes and astrocytes, which are intimately associated with brain microvascular endothelial cells, have been suggested to form the functional neurovascular unit maintaining the BBB. Morphologically, brain microvessels can be distinguished from microvessels elsewhere in the body by the high number of pericytes embedded in the endothelial cell basement membrane and a second basement membrane layed down by astrocytes, which ensheath the abluminal aspect of brain microvessels with their foot processes ( Figure 1 ).
Molecular signals from astrocytes (Abbott et al, 2006) and also from pericytes (Armulik et al, 2010) have been shown to regulate the full BBB phenotype in brain endothelium. In contrast, the role of the extracellular matrix (ECM) in maintaining BBB characteristics in brain endothelium has been largely neglected so far, which might in part be due to the enormous molecular heterogeneity of the ECM being composed of different laminins, collagens, fibronectin, nidogens, etc. In this issue of JCBFM, Osada et al (2011) provide evidence that b1-integrin mediated anchoring of brain endothelial cells to the ECM and thus likely also endothelial polarity is critically involved in the regulation of BBB TJ integrity and permeability. In their present study, the authors show that abrogating b1-integrin-mediated adhesion of brain endothelial cells to collagen IV, a basement membrane component, with an adhesion-blocking antibody in vitro, induced the loss of junctional localization of claudin-5. This alteration in brain endothelial TJ architecture was accompanied by reduced transelectrical resistance and increased permeability of the brain endothelial monolayers to 40 and 100 kDa dextrans, suggesting that b1-integrinmediated ECM attachment of brain endothelial cells maintains barrier characteristics of brain endothelial cells by stabilizing the molecular integrity of BBB TJs. This notion is further supported by their findings that intrastriatal application of the anti-b1-integrin antibody induced BBB leakiness to circulating IgGs in vivo. While loss of claudin-5 expression on BBB TJs causes leakage of molecules smaller than 800 Da in the mouse and the zebrafish, the present observations suggest that blocking b1-integrinmediated adhesion of brain endothelium to ECM components might induce even more profound alterations in the molecular architecture of BBB TJs, which have not yet been addressed in the present study.
The observations made by Osada et al direct our attention to the critical role of brain endothelial/ECM interactions in maintaining BBB properties in the microvascular endothelial cells. Although data on the basement membrane composition at the level of brain microvessels is rudimentary, there is some evidence that specific basement membrane components contribute to BBB integrity and function. Agrin, a heparan sulfate proteoglycan, found in the basement membrane of brain microvessels has been proposed to be involved in the development of the BBB by establishing astrocyte polarity, a process in which agrin in the basement membrane initiates a link of the dystroglycan/dystrophin-glycoprotein complex to the astrocyte actin cytoskeleton. A role for agrin in BBB integrity is further supported by the observation that leaky blood vessels in malignant human brain tumors are devoid of agrin and have Figure 1 Schematic view of the blood-brain barrier (BBB) and the b1-integrin/matrix interactions proposed to support blood-brain barrier integrity. (Bottom left) Brain endothelial cells are surrounded by the endothelial basement membrane, in which a high number of pericytes is embedded. A second-the parenchymal-basement membrane is layed down by astrocytes, which ensheath the abluminal aspect of brain microvessels with their endfeet. The crosstalk between the cellular and acellular elements of brain microvessels establishes a functional neurovascular unit. (Top right) The study by Osada et al demonstrates that b1-integrin engagement of brain endothelial cells to the endothelial basement membrane maintains intracellular signaling events that stabilize claudin-5 localization in BBB tight junctions (TJs) and BBB integrity. lost astrocyte polarity (Rascher et al, 2002) . Furthermore, mutations in the COL4A1 gene coding for the a1 chain of the most common collagen type IV isoform was shown to cause intracerebral hemorrhage at the level of brain microvessels in mouse and humans (Gould et al, 2005; Vahedi et al, 2007) . The latter data suggest that collagen type IV isoforms are important for the structural integrity of small blood vessels, a role that is consistent with the present observations of Osada et al, demonstrating an important role for brain endothelial cell b1-integrin/collagen IV interaction in maintaining junctional localization of claudin-5 and BBB integrity. Interestingly, blocking b1-integrin-mediated adhesion of brain endothelial cells to laminin in the present study did not interfere with junctional localization of claudin-5 in brain endothelial cells in vitro, suggesting that only a select subset of ECM receptors of the b1-integrin family elicits intracellular signals targeting the BBB TJs. The b1-integrin subunit can associate with multiple a-integrin chains to form heterodimeric ECM receptors with different ligand binding properties. Brain endothelial cells have been reported to express the b1-integrins a1b1, a3b1, a6b1, and avb1; however, the precise ECM ligands of these receptors and their localization in endothelial and/or parenchymal basement membranes of brain microvessels awaits to be correlated with the endothelial receptor expression patterns.
Further studies will be required to understand the intracellular signals elicited by b1-integrin-mediated endothelial cell adhesion to the ECM leading to BBB TJ stabilization. b1-Integrins have been shown to regulate a number of biological processes including migration, survival, and proliferation of cells. The present study establishes a new layer of crosstalk between b1-integrin-mediated endothelial cell adhesion and intracellular signals maintaining BBB integrity. Binding of the extracellular domain of b1-integrins to ECM proteins will connect the cytoplasmic integrin tail to the endothelial actin cytoskeleton. Since integrins lack an actin-binding domain, all downstream signaling events are mediated by integrin-associated molecules, which function as binding platforms for additional cytoskeletal and signaling molecules. The molecules linking b1-integrin/ECM adhesion and claudin-5 localization to BBB TJs, therefore, remain to be studied.
Interestingly, in nascent endothelium, genetic deletion of b1-integrin was found to lead to the loss of endothelial cell polarity accompanied by decreased expression of the polarity gene partitioning-defective protein (PAR)-3 (Zovein et al, 2010) . Par3 has been shown to associate with TJs and to regulate the development of TJs and cell polarity. It is, therefore, tempting to speculate that disruption of b1-integrinmediated brain endothelial cell adhesion at the fully differentiated BBB may lead to distinct downstream signaling events that affect the endothelial cell polarity complex and consequently TJ integrity thus leading to BBB leakiness.
